REMARKS 



Claims 1-10 were examined and reported in the Office Action. Claims 1-10 are 
rejected. Claims 11-16 are withdrawn. Claims 2, 7 and 11-16 are cancelled. Claims 1 
and 6 are amended. The amendments clarify the invention and do not raise new issues 
that would need further search and/or examination. Claims 1, 3-6, 8-10 remain. 

Applicants request reconsideration of the application in view of the following 
remarks. 

I. 35 U.S.C § 103(a) 

It is asserted in the Office Action that claims 1-10 are rejected under 35 U.S.C. § 
103(a) as being unpatentable over US Patent No. 6,027,833 issued to Ueda et al. 
(" Ueda ") in view of either US Patent No. 5,595,838 issued to Yamada et al. (" Yamada") 
or US Patent No. 6,337,159 issued to Peled et al. ("Peled"), and in further view of U.S. 
Patent No. 6,027,833 issued to Mao et al. (" Mao" ). Applicants respectfully disagree. 

According to MPEP 2142 "[t]o establish a prima facie case of obviousness, three 
basic criteria must be met. First, there must be some suggestion or motivation, either 
in the references themselves or in the knowledge generally available to one of ordinary 
skill in the art, to modify the reference or to combine reference teachings. Second, 
there must be a reasonable expectation of success. Finally, the prior art reference (or 
references when combined) must teach or suggest all the claim limitations. The 
teaching or suggestion to make the claimed combination and the reasonable 
expectation of success must both be found in the prior art, and not based on Applicants' 
disclosure/ 7 (In re Vaeck, 947 F.2d 488, 20 USPQ2d 1438 (Fed. Cir. 1991)). 

Applicants' amended claim 1 contains the limitations of "[a] negative active 
material for a rechargeable lithium battery comprising: a core including crystalline 
carbon, amorphous carbon or a mixture thereof; and a carbon shell formed around the 
core, the carbon shell including carbon derived from amorphous carbon and having an 
intermediate structure between an amorphous structure and a crystalline structure and 
at least one shoulder at 700°C or more in differential thermal analysis, and the carbon 
shell including a metal selected from the group consisting of a transition metal, an alkali 
metal and an earth metal/ 7 
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Applicants' amended claim 6 contains the limitations of "[a] negative active 
material for a rechargeable lithium battery comprising: a core including secondary 
particles, the secondary particle being prepared by agglomerating at least one primary 
particle of a crystalline carbon, an amorphous carbon or a mixture thereof; and a 
carbon shell formed around the core, the carbon shell including carbon derived from 
amorphous carbon and having an intermediate structure between an amorphous 
structure and a crystalline structure and at least one shoulder at 700°C or more in 
differential thermal analysis, and the carbon shell including a metal selected from the 
group of consisting of a transition metal, a semi-metal, an alkali metal and an alkali 
earth metal." 

Therefore, Applicants' claimed invention has a carbon shell that is neither an 
amorphous structure nor a crystalline structure, but "an intermediate structure 
between an amorphous structure and a crystalline structure." Moreover, the carbon 
shell includes "carbon derived from amorphous carbon." Thus, Applicants' invention 
results in improved capacity and efficiency over the prior art. Further, the amendments 
emphasize the difference in the structure from Applicants' claimed invention and the 
cited prior art. That is, the claimed invention has at least one shoulder at 700°C or 
more, in the differential thermal analysis indicating an intermediate structure between a 
crystalline and an amorphous structure (See Applicants' description, page 18, line 7 to 
page 19, line 3). 

Ueda discloses a non-aqueous electrolyte secondary cell having a core made of 
crystalline graphite (carbon) structure. Ueda also discloses that a "low crystallinity or 
amorphous carbon layer 312 at least partially covering the core 311...." ( Ueda , column 
8, lines 9-13). Ueda does not disclose, teach or suggest a "a carbon shell formed around 
the core, the carbon shell including carbon derived from amorphous carbon and having 
an intermediate structure between an amorphous structure and a crystalline structure 
and at least one shoulder at 700°C or more in differential thermal analysis, and the 
carbon shell including a metal selected from the group consisting of a transition metal, 
an alkali metal and an earth metal," or " the carbon shell including carbon derived from 
amorphous carbon and having an intermediate structure between an amorphous 
structure and a crystalline structure and at least one shoulder at 700°C or more in 
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differential thermal analysis, and the carbon shell including a metal selected from the 
group of consisting of a transition metal, a semi-metal, an alkali metal and an alkali 
earth metal." 

Yamada discloses a non-aqueous secondary battery arranged having " graphite- 
like planes [ ] arranged and stacked in an onion-like shell micro- texture ..." (Yamada , 
column 3, lines 44-49). Yamada does not disclose, teach or suggest a "a carbon shell 
formed around the core, the carbon shell including carbon derived from amorphous 
carbon and having an intermediate structure between an amorphous structure and a 
crystalline structure and at least one shoulder at 700°C or more in differential thermal 
analysis, and the carbon shell including a metal selected from the group consisting of a 
transition metal, an alkali metal and an earth metal/ 7 or " the carbon shell including 
carbon derived from amorphous carbon and having an intermediate structure between 
an amorphous structure and a crystalline structure and at least one shoulder at 700°C or 
more in differential thermal analysis, and the carbon shell including a metal selected 
from the group of consisting of a transition metal, a semi-metal, an alkali metal and an 
alkali earth metal." 

Peled discloses a non-aqueous electrochemical cell arranged having a synthetic 
passivating layer (SEI) being made of "MAC0 3 , M 2 C0 3 , alkali semi-carbonates, MAO, 
M 2 O, MAS, M 2 S and alkali-and alkaline-earth metal salts of surface carboxylic groups 
(M=alkali metal, MA=alkaline earth metal). The preferred metal ion for the synthetic 
SEI is lithium or at least it should be the major constituent with up to 30% (atomic) of 
another M or MA action, or their mixture/' ( Peled, column 4, lines 1-8). Peled does not 
disclose, teach or suggest a "a carbon shell formed around the core, the carbon shell 
including carbon derived from amorphous carbon and having an intermediate 
structure between an amorphous structure and a crystalline structure and at least one 
shoulder at 700°C or more in differential thermal analysis, and the carbon shell 
including a metal selected from the group consisting of a transition metal, an alkali 
metal and an earth metal/ 7 or " the carbon shell including carbon derived from 
amorphous carbon and having an intermediate structure between an amorphous 
structure and a crystalline structure and at least one shoulder at 700°C or more in 
differential thermal analysis, and the carbon shell including a metal selected from the 
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group of consisting of a transition metal, a semi-metal, an alkali metal and an alkali 
earth metal." 

Mao discloses a method of fabricating a carbon material for use as an electrode in 
an electrochemical cell. Mao discloses that the "carbon materials are substantially 
amorphous [and they can also be] partially or completely crystalline or amorphous but 
possessing crystalline inclusions." (Mao , column 3, lines 6-10). Mao , however, does not 
teach, disclose or suggest "a carbon shell formed around the core, the carbon shell 
including carbon derived from amorphous carbon and having an intermediate 
structure between an amorphous structure and a crystalline structure and at least one 
shoulder at 700°C or more in differential thermal analysis, and the carbon shell 
including a metal selected from the group consisting of a transition metal, an alkali 
metal and an earth metal/' or " the carbon shell including carbon derived from 
amorphous carbon and having an intermediate structure between an amorphous 
structure and a crystalline structure and at least one shoulder at 700°C or more in 
differential thermal analysis, and the carbon shell including a metal selected from the 
group of consisting of a transition metal, a semi-metal, an alkali metal and an alkali 
earth metal." 

Applicants further assert that the limitations of "the carbon shell including carbon 
derived from amorphous carbon and having an intermediate structure between an 
amorphous structure and a crystalline structure and at least one shoulder at 700°C or 
more in differential thermal analysis, and the carbon shell including a metal selected 
from the group of consisting of a transition metal, a semi-metal, an alkali metal and an 
alkali earth metal could not be found to be inherent from the prior art as the structure 
of Applicants' claimed invention is distinguishable, as asserted above. 

Since neither Ueda, Yamada, Peled, Mao , nor the combination of the four, 
disclose, teach or suggest all the limitations contained in Applicants' amended claims 1 
and 6, as listed above, there would not be any motivation to arrive at Applicants' 
claimed invention. Thus, Applicants' amended claims 1 and 6 are not obvious over 
Ueda in view of either Yamada or Peled , and further in view of Mao since a prima facie 
case of obviousness has not been met under MPEP 2142. Additionally, the claims that 
directly or indirectly depend from Applicants' amended claims 1 and 6, namely claims 2, 
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and 3-5, and 8-10, respectively, are also not obvious over Ueda in view of either 
Yamada or Peled, and further in view of Mao for the above same reason. 

Accordingly, withdrawal of the 35 U.S.C. § 103(a) rejections for claims 1-10 are 
respectfully requested. 

II. Double Patenting 

It is asserted in the Office Action that claims 1-10 are rejected under the judicially 
created doctrine of double patenting over claims 1-9 of U.S. Patent No. 6,355,377 Bl and 
over claims 1-7 of U.S. Patent No. 6,395,427 Bl. Applicants respectfully disagree. 

Applicants note that semi-crystalline carbon shells of U.S. Patent No. 6,355,377 Bl 
and 6,395,427 Bl have metal boride and metal carbide. A carbon shell, however, as 
claimed by Applicants has a transition metal, an alkali metal and an alkali earth metal 
(not metal boride or metal carbide). Therefore, Applicants respectfully assert that the 
double patenting rejections are not proper regarding claims 1-10. 

Accordingly, withdrawal of the double patenting rejections for claims 1-10 are 
respectfully requested. 

CONCLUSION 

In view of the foregoing, it is believed that all claims now pending, namely 1, 3-6, 
and 8-10, patentably define the subject invention over the prior art of record and are in 
condition for allowance and such action is earnestly solicited at the earliest possible date. 

If necessary, the Commissioner is hereby authorized in this, concurrent and 
future replies, to charge payment or credit any overpayment to Deposit Account No. 
02-2666 for any additional fees required under 37 C.F.R. §§ 1.16 or 1.17, particularly 
extension of time fees. 
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CHAPTER I 

Introduction to Carbon Fibers 



Carbon fibers refer to fibers which are at least 92 wt.% carbon in 
composition [1]. They can be short or continuous; their structure can be 
crystalline, amorphous, or partly crystalline. The crystalline form has the 
crystal structure of graphite (Figure 1.1), which consists of sp 2 hybridized 
carbon atoms arranged two-dimensionally in a honeycomb structure in the x-y 
plane. Carbon atoms within a layer are bonded by (1) covalent bonds provided 
by the overlap of the sp 2 hybridized orbitals, and (2) metallic bonding provided 
by the derealization of the p z orbitals, i.e., the tr electrons. This derealization 
makes graphite a good electrical conductor and a good thermal conductor in 
the x-y plane. The bonding between the layers is van der Waals bonding, so 
the carbon layers can easily slide with respect to one another; graphite is an 
electrical insulator and a thermal insulator perpendicular to the layers. Due to 
the difference between the in-plane and out-of-plane bonding, graphite has a 
high modulus of elasticity parallel to the plane and a low modulus perpendicu- 
lar to the plane. Thus, graphite is highly anisotropic. 

The high modulus of a carbon fiber stems from the fact that the carbon 
layers, though not necessarily flat, tend to be parallel to the fiber axis. This 
crystallographic preferred orientation is known as a fiber texture. As a result, a 
carbon fiber has a higher modulus parallel to the fiber axis than perpendicular 
to the fiber axis. Similarly, the electrical and thermal conductivities are higher 
along the fiber axis, and the coefficient of thermal expansion is lower along the 
fiber axis. 

The greater the degree of alignment of the carbon layers parallel to the 
fiber axis, i.e., the stronger the fiber texture, the greater the c-axis crystallite 
size (L c ), the density, the carbon content, and the fiber's tensile modulus, 
electrical conductivity, and thermal conductivity parallel to the fiber axis; the 
smaller the fiber's coefficient of thermal expansion and internal shear strength. 

The carbon layers in graphite are stacked in an AB sequence, such that 
half of the carbon atoms have atoms directly above and below them in adjacent 
layers (Figure 1.1). Note that this AB sequence differs from that in a 
hexagonal close packed (HCP) crystal structure. In a carbon fiber, there can be 
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Figure 1.1 The crystal structure of graphite. 

graphite regions of size L c perpendicular to the layers and size L a parallel to 
the layers. There can also be crystalline regions in which the carbon layers, 
though well developed and parallel to one another, are not stacked in any 
particular sequence; the carbon in these regions is said to b e turbostratic 
carbon. Yet another type of carbon that can exist in carbon fibers islunorphous 
carbon, in which the carbon layers, though well developed, are not even 
parallel to one another. 

The proportion of graphite in a carbon fiber can range from 0 to 100%. 
When the proportion is high, the fiber is said to be graphitic, and it is called a 
graphite fiber. However, a graphite fiber is polycrystalline, whereas a graphite 
whisker is a single crystal with the carbon layer rolled up like a scroll. Because 
of their single crystal nature, graphite whiskers are virtually flaw-free and have 
exceptionally high strength. However, the production yield of graphite 
whiskers is too low for them to be commercially significant. This book only 
deals with fibers — not whiskers. 

Table 1.1 [2] compares the mechanical properties, melting temperature, 
and density of carbon fibers with other types of fibers. There are numerous 
grades of carbon fibers; Table 1.1 only shows the two high-performance grades, 
which are labeled "high strength" and "high modulus." Among the fibers (not 
counting the whiskers), high-strength carbon fibers exhibit the highest strength 
while high modulus carbon fibers exhibit the highest modulus of elasticity. 
Moreover, the density of carbon fibers is quite low, making the specific 
modulus (modulus/density ratio) of high-modulus carbon fibers exceptionally 
high. The polymer fibers, such as polyethylene and Kevlar fibers, have 
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Table 1 .1 Properties of various fibers and whiskers. 







Tensile 


Modulus of 




Melting 


Specific 


Specific 


Density* 


strength' 


elasticity* 


Ductility 


temp." 


modulus* 


strength* 


Material 


(glen?) 


(GPa) 


(GPa) 


(%) 


CQ 


(10 6 m) 


(10 4 m) 


E-glass 


2.55 


3.4 


72.4 


4.7 


<1725 


2.90 


14 


S-glass 


2.50 


4.5 


86.9 


5.2 


<1725 


3.56 


18 


Si0 2 


2.19 


5.9 


72.4 


8.1 


1728 


3.38 


27.4 


A1 2 0 3 


3.95 


2.1 


380 


0.55 


2015 


9.86 


5.3 


Zr0 2 


4.84 


2.1 


340 


0.62 


2677 


7.26 


4.3 


Carbon 


1.50 


5.7 


280 


2.0 


3700 


18.8 


19 


(high-strength) 
















Carbon 


1.50 


1.9 


530 


0.36 


3700 


36.3 


13 


(high-modulus) 
















BN 


1.90 


1.4 


90 


1.6 


2730 


4.78 


7.4 


Boron 


2.36 


3.4 


380 


0.89 


2030 


16.4 


12 


B 4 C 


2.36 


2.3 


480 


0.48 


2450 


20.9 


9.9 


SiC 


4.09 


2.1 


480 


0.44 


2700 


12.0 


5.1 


TiB 2 


4.48 . 


0.10 


510 


0.02 


2980 


11.6 


0.3 


Be 


1.83 


1.28 


300 


0;4 


1277 


19.7 


7.1 


W 


19.4 


4.0 


410 


0.98 


3410 


2.2 


2 


Polyethylene 


0.97 


2.59 


120 


2.2 


147 


12.4 


27.4 


Kevlar 


1.44 


4.5 


120 


3.8 


500 


8.81 


25.7 


AI 2 0 3 whiskers 


3.96 




HW 


i 0 


1 OS? 


11 fl 

11. U 




BeO whiskers 


2.85 


13 


340 


3.8 


2550 


12.3 


47.0 


B 4 C whiskers 


2.52 


14 


480 


2.9 


2450 


19.5 


56.1 


SiC whiskers 


3.18 


21 


480 


4.4 


2700 


15.4 


66.5 


Si 3 N 4 whiskers 


3.18 


14 


380 


3.7 




12.1 


44.5 


Graphite 


1.66 


21 


703 


3.0 


3700 


43 


128 


whiskers 
















Cr whiskers 


7.2 


8.90 


240 


3.7 


1890 


3.40 


12 


a From Ref. 2. 



densities even lower than carbon fibers, but their melting temperatures are 
low. The ceramic fibers, such as glass, Si0 2 , Al 2 0 3 and SiC fibers, have 
densities higher than carbon fibers; most of them (except glass fibers) suffer 
from high prices or are not readily available in a continuous fiber form. The 
tensile stress-strain curves of the fibers are straight lines all the way to fracture, 
so the strength divided by the modulus gives the ductility (strain at break) of 
each fiber, as shown in Table 1.1. The main drawback of the mechanical 
-properties of carbon fibers is in the low ductility, which is lower than those of 
glass, Si0 2 , and Kevlar fibers. The ductility of high-modulus carbon fibers is 
even lower than that of high-strength carbon fibers. 

Carbon fibers that are commercially available are divided into three 
categories, namely general-purpose (GP), high-performance (HP), and acti- 
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PAN 



PITCH 



Polymerization 



Pitch preparation 
(isotropic/anisotropic) 



Wet spinning 



Melt spinning 



Stabilization 
(oxidizing atm.) 



Infusibilization 
(oxidizing atm.) 



Carbonization 
(inert atm.) 



Activation 
(reactive atm.) 



Carbonization 
(inert atm.) 



Graphitization 
(inert atm.) 



Graphitization 
(inert atm.) 



CARBON FIBER 



ACTIVATED 
FIBER 



CARBON FIBER 



Scheme 1.1 The processes for making carbon fibers from PAN and pitch precursors. 

vated carbon fibers (ACF). The general-purpose type is characterized by an 
amorphous and isotropic structure, low tensile strength, low tensile modulus, 
and low cost. The high-performance type is characterized by relatively high 
strength and modulus. Among the high-performance carbon fibers, a higher 
modulus is associated with a higher proportion of graphite and more 
anisotropy. Activated carbon fibers are characterized by the presence of a large 
number of open micropores, which act as adsorption sites. The adsorption 
capacity of activated carbon fibers is comparable to that of activated carbons, 
but the fiber shape of activated carbon fibers allows the adsorbate to get to the 
adsorption site faster, thus accelerating the adsorption and desorption proces- 
ses [3]. The amount adsorbed increases with the severity of activation. Severe 
activation may be achieved by treating commercial ACF with sulfuric acid 
followed by heating at up to 500°C [4]. 

Commercial carbon fibers are fabricated by using pitch or polyacryio- 
nitrile (PAN) as the precursor. The processes for both precursors are shown in 
Scheme 1.1 [5]. 

Precursor fibers are fabricated by conventional spinning techniques, such 
as wet spinning for PAN and melt spinning for pitch. They must be converted 
to a form which is flameproof and stable at the high temperatures (> 700°C) 
involved in carbonization. Therefore, before carbonization (pyrolysis), they are 
stabilized for the case of the PAN precursor, or infusiblized for the case of the 
pitch precursor. Both stabilization and infusiblization are carried out in an 
oxidizing atmosphere. After that, general-purpose and high-performance fibers 
are obtained by carbonization in an inert atmosphere, followed by graphitiza- 
tion at >2500°C in an inert atmosphere if a high modulus is desired, whereas 
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activated carbon fibers are obtained by activating in a reactive atmosphere, 
such as steam at elevated temperatures. To enhance the preferred orientation 
in the high-performance carbon fibers, graphitization can be performed while 
the fibers are under tension. The higher the graphitization temperature, the 
greater the preferred orientation. 

For the case of pitch as the precursor, isotropic pitch gives an isotropic 
carbon fiber, which belongs to the category of general-purpose carbon fibers, 
whereas anisotropic pitch (such as mesophase pitch) gives high-performance 
carbon fibers which have the carbon layers preferentially parallel to the fiber 
axis. 

Table 1.2 shows the tensile properties of various carbon fibers on the 
market. Among the high-performance (HP) carbon fibers, those based on pitch 
can attain a higher modulus than those based on PAN, because pitch is more 
graphitizable than PAN. In particular, the HP fiber designated E-130 by du 
Pont exhibits a modulus of 894 GPa, which is over 80% of the theoretical value 
of a graphite single crystal (1 000 GPa). A higher modulus is associated with a 
lower elongation at break, as shown by comparing the group of Amoco HP 
fibers in the order P-25, P-75S, and P-120S, and the group of du Pont HP fibers 
in the order E-35, E-75, and E-130. The du Pont HP fibers exhibit higher 
tensile strengths and greater elongations than the Amoco HP fibers of similar 
moduli. Among the high-performance (HP) fibers, those based on PAN can 
attain a higher tensile strength and greater elongation than those based on 
pitch, because (1) shear is easier between the carbon layers in a graphitized 
fiber, (2) pitch is more graphitizable than PAN, and (3) the oriented graphitic 
structure causes the fibers to be more sensitive to surface defects and structural 
flaws. In particular, the HP PAN-based fiber designated T-1000 by Toray 
exhibits a tensile strength of 7 060MPa and an elongation of 2.4%. The 
general-purpose (GP) fibers tend to be low in strength and modulus, but high 
in elongation at break. 

Table 1.2 also shows the diameters of various commercial carbon fibers. 
Among the HP fibers, those based on PAN have smaller diameters than those 
based on pitch. 

Pitch-based carbon fibers (GP and HP) represent only about 10% of the 
total carbon fibers produced worldwide around 1990 [6], but this percentage is 
increasing due to the lower cost and higher carbon content of pitch compared 
to PAN. The costs of precursors and carbon fibers are shown in Table 1.3. 
Mesophase pitch-based carbon fibers are currently the most expensive, due to 
the processing cost. Isotropic pitch-based carbon fibers are the least expensive. 
PAN-based carbon fibers are intermediate in cost. 

Figure 1.2 [7] shows the prices and tensile strengths of carbon fibers, 
aramid fibers, and glass fibers. Although carbon fibers are mostly more 
expensive than aramid fibers or glass fibers, they mostly provide higher tensile 
strengths. Among the different grades of carbon fibers, the prices differ 
greatly. In general, the greater the tensile strength, the higher the price. 

The price of carbon fibers has been decreasing, while the consumption 
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Table 1.2 Tensile properties and diameters of commercial carbon fibers. 









Tensile 












Tensile 


modulus of 


Elongation 








Fiber 


strength 


elasticity 


at break 


Diameter 




Type 


designation 


(MPa) 


(GPa) 


(%) 


(urn) 


Manufacturer 


GP 


T-101S 


720 


32 


2.2 


14.5 


Kureha Chem. 




T-201S 


690 


30 


2.1 


14.5 


Kureha Chem. 




S-210 


784 


39 


2.0 


13 


Donac 




P-400 


690 


48 


1.4 


10 


Ashland 














Petroleum 




GF-20 


980 


98 


1.0 


7-11 


Nippon Carbon 


HP (PAN) 


T-300 


3530 


230 


1.5 


7.0 


Toray 




T-400H 


4410 


250 


1.8 


7.0 


Toray 




T-800H 


5590 


294 


1.9 


5.2 


Toray 




T-1000 


7060 


294 


2.4 


5.3 


Toray 




MR SO 


5490 


294 


1.9 


5 


Mitsubishi Rayon 




MRE50 


5490 


323 


1.7 


6 


Mitsubishi Rayon 




HMS-40 


3430 


392 


0.87 


6.2 


Toho Rayon 




HMS-40X 


4700 


392 


1.20 


4.7 


Toho Rayon 




HMS-60X 


3820 


588 


0.65 


4.0 


Toho Rayon 




AS-1 


3105 


228 


1.32 


8 


Hercules 




AS-2 


2760 


228 


1.2 


8 


Hercules 




AS-4 


3795 


235 


1.53 


8 


Hercules 




AS-6 


4140 


242 


1.65 


5 


Hercules 




IM-6 


4382 


276 


1.50 


5 


Hercules 




HMS4 


2484 


338 


0.7 


8 


Hercules 




HMU 


2760 


380 


0.70 


8 


Hercules 


HP (pitch) 


P-25 


1400 


160 


0.9 


11 


Amoco 




P-75S 


2100 


520 


0.4 


10 


Amoco 




P-120S 


2200 


827 


0.27 


10 


Amoco 




E-35 


2800 


241 


1.03 


9.6 


du Pont 




E-75 


3100 


516 


0.56 


9.4 


du Pont 




E-130 


3900 


894 


0.55 


9.2 


du Pont 




F-140 


1800 


140 


1.3 


10 


Donac 




F-600 


3000 


600 


0.52 


9 


Donac 


ACF 


FX-100 




500" 


18 b 


15 


Toho Rayon 




FX-600 




1500* 


50" 


7 


Toho Rayon 




A-10 


245 


1000" 


20 c 


14 


Donac 




A-20 


98 


2000" 


45 c 


11 


Donac 



'Specific surface area (m 2 /g). 
b Adsorption amount of benzene (%). 
c Adsorption amount of acetone (%). 
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Table 1.3 Cost of PAN -based, mesophase pitch-based, and isotropic pitch-based 
carbon fibers. From Ref. 6. 





Cost of precursor ($fkg) 


Cost of carbon fibers ($/kg) 


PAN-based 


0.40 


60 


Mesophase pitch-based 


0.25 


90 


Isotropic pitch-based 


0.25 


22 



has been increasing, as shown in Figure 1.3 [7]. The decreasing price is 
broadening the applications of carbon fibers from military to civil applications, 
from aerospace to automobile applications, and from biomedical devices to 
concrete structures. 

Under rapid development are short carbon fibers grown from the vapor 
of low-molecular-weight hydrocarbon compounds, such as acetylene. This 
process involves catalytic growth using solid catalyst particles (e.g., Fe) to form 
carbon filaments, which can be as small as 0.1 /xm in diameter. Subsequent 
chemical vapor deposition from the carbonaceous gas in the same chamber 
causes the filaments to grow in diameter, thus resulting in vapor grown carbon 
fibers (VGCF) or gas-phase grown carbon fibers. 

Carbon fibers can alternatively be classified on the basis of their tensile 
strength and modulus. The nomenclature given below was formulated by 
IUPAC. 

• UHM (ultra high modulus) type: carbon fibers with modulus greater 
than 500 GPa 
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Figure 1 .2 The product of tensile strength {&) and tensile modulus (E) versus price 
for various commercial carbon fibers. From.Ref, 7. (By permission of Pion, London.) 
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Figure 1.3 Changes in carbon fiber price and consumption over the last 20 years. 
From Ref. 7. (By permission of Pion, London.) 

• HM (high modulus) type: carbon fibers with modulus greater than 
300 GPa and strength-to-modulus ratio less than 1% 

• IM (intermediate modulus) type: carbon fibers with modulus up to 
300 GPa and strength-to-modulus ratio above 1 x 10" 2 

• Low-modulus type: carbon fibers with modulus as low as 100 GPa and 
low strength. They have an isotropic structure 

• HT (high strength) type: carbon fibers with strength greater than 
3 GPa and strength-to-modulus ratio between 1.5 and 2 x 10~ 2 

There is overlap between the IM and HT categories, as shown by the 
above definitions. 

Commercial continuous carbon fibers are in the form of tows (untwisted 
bundles) containing typically 1000-12 000 fibers (filaments) per tow, or yarns 
(twisted bundles). They may be sized or unsized. The sizing improves the 
handleability and may enhance the bonding between the fibers and certain 
matrices when the fibers are used in composites. 

High-performance carbon fibers are widely used in polymer-matrix 
composites for aircraft which are lightweight for the purpose of saving fuel. 
The aircraft Voyager has 90% of its structure made of such composites and 
achieved a nonstop, unfueled, round-the-world flight in 1986. The use of such 
composites in passenger aircraft is rapidly increasing. High-performance 
carbon fibers are also used in carbon-matrix composites for high-temperature 
aerospace applications, such as in the Space Shuttle, as the carbon matrix is 
more temperature resistant than a polymer matrix. These fibers have started to 
be used in metal matrices, such as aluminum, for aerospace applications, as 
aluminum is more temperature resistant than polymers. 
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Short general-purpose pitch-based carbon fibers are used for the rein- 
forcement of concrete, because low cost is crucial for the concrete industry. 
Because this is a large-volume application of carbon fibers, the tonnage of 
carbon fibers used is expected to increase markedly as this application becomes 
more widely accepted. General-purpose carbon fibers are also used for thermal 
insulation, sealing materials, electrically conducting materials, antistatic mater- 
ials, heating elements, electrodes, filters, friction materials, sorbents, and 
catalysts [8]. 
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